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ABSTRACT 
The efficiency of an organic light-emitting diode (OLED) depends on the microscopic 
orientation of transition dipole moments of the molecular emitters. The most effective 
materials used for light generation have threefold symmetry, which prohibit a priori 
determination of dipole orientation due to the degeneracy of the fundamental transition. 
Single-molecule spectroscopy reveals that the model triplet emitter tris(2-
phenylisoquinoline)iridium(III) (Ir(piq)3) does not behave as a linear dipole, radiating 
with lower polarization anisotropy than expected. Spontaneous symmetry breaking 
occurs in the excited state, leading to a random selection of one of the three ligands to 
form a charge transfer state with the metal. This non-deterministic localization is revealed 
in switching of the degree of linear polarization of phosphorescence. Polarization 
scrambling likely raises out-coupling efficiency and should be taken into account when 
deriving molecular orientation of the guest emitter within the OLED host from ensemble 
angular emission profiles.  
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The operating principle of organic light-emitting diodes (OLEDs) is based on the 
injection of electrons and holes from opposite electrodes. Carriers bind electrostatically, 
ultimately recombining. Since spin-orbit coupling is weak in materials of low atomic 
order number, the electronic spin remains a good quantum number, defining dipole 
selection rules. Up to three quarters of recombination events occur within the triplet 
manifold of the molecular material, which is generally non-emissive, limiting overall 
device quantum efficiency. Almost 40 years passed from the first demonstration of 
OLEDs
1,2
 to the introduction of a simple fix to the spin problem: inclusion of metal-
organic complexes in the emissive layer.
3
 These materials show strong triplet emission in 
the form of phosphorescence. Typical triplet emitters are based on metal-ligand charge 
transfer complexes,
3,4,5
 such as metalloporphyrins or iridium bispyridines, which must be 
embedded in a host material to prevent concentration quenching. These materials are all 
characterized by non-trivial symmetry and resulting level degeneracies. The commonly 
used tris(2-phenylisoquinoline)iridium(III) (Ir(piq)3), for example, has threefold (C3) 
symmetry which leads to different excited triplet (T1) to singlet ground state (S0) 
transitions (T1 à S0). It was shown for such C3-symmetric molecules by Jansson et al. 
that the T1 à S0 transition has charge transfer character and involves one of the three 
ligands with the central metal atom.
6
 Given that in an OLED, light emission is of 
foremost interest, it is a surprisingly non-trivial question to consider the spatial 
 4 
orientation of the underlying transition dipole moment (TDM) in such a degenerate 
system. Conventional luminescence-based methods to determining polarization 
anisotropy
7,8
 fail since rotational diffusion times in solution are far shorter than the 
radiative lifetime.  
 
The orientation of the dipole of the emitting species determines the overall device 
efficiency.
9,10,11
 As sketched in Fig. 1a), dipole orientation along the normal of the 
emitting layer will strongly reduce radiative coupling into the far field and increase in-
plane wave guide losses. While light scattering promoted by lateral structuring can 
reduce such wave-guide losses,
12
 it would be desirable to control dipole orientation 
within the emitting layer so as to maximize out-coupling to start with.
13
 With OLED 
quantum efficiencies now approaching 40 % in the red spectral range, it is becoming 
apparent that some combinations of organometallic host-guest OLED materials appear to 
promote anisotropic molecular arrangements to yield preferential orientation of the TDM 
within the OLED plane.
13,14,15,16
 Such anisotropy can be visualized by the deviation from 
a Lambertian angular dispersion of the emission spectrum.
17,18
 These ensemble 
measurements, however, only place a lower limit on the anisotropy of the emitter TDM 
and therefore actually understate the degree of spontaneous ordering in the host-guest 
system. From ensemble ultrafast spectroscopy, localization of the photoexcited singlet 
metal-ligand charge transfer state is known to occur within a few hundred 
femtoseconds.
8,19
 But which of the three ligands is responsible for ultimate emission from 
the triplet state?   
 
5 
Here, we demonstrate how polarization-resolved single-molecule 
spectroscopy
20,21,22,23,24,25
 can be applied to a common organometallic triplet emitter, 
tris(1-phenylisoquinoline)iridium(III) (Ir(piq)3) to reveal spontaneous symmetry breaking 
in the excited state.
26
 The effect becomes apparent in temporal fluctuations of the TDM 
vector as reported by the linear dichroism in single-molecule phosphorescence. Such 
fluctuations are likely to be a universal feature of molecules of higher symmetry and will 
influence OLED efficiency since the orientation of the TDM controls out-coupling 
efficiency. Given the possibility of spontaneous alignment of the guest within the 
host,
17,18
 our results confirm why it can be desirable to break the common threefold 
molecular symmetry a priori, lifting the degeneracy.
13
  
 
Figure 1. Single-molecule spectroscopy of triplet emitters in OLEDs and the effect of 
dipole orientation on light out-coupling. a) The out-coupling efficiency is controlled by 
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dipole orientation (red arrow). Radiation polarized in the plane of the emission layer is 
preferentially trapped by wave-guiding effects. b) A scanning confocal single-molecule 
microscope image of Ir(piq)3 under excitation at 485 nm (chemical structure shown as 
inset in c). The single molecules all show comparable brightness and allow extraction of 
the PL spectrum (c). d) Photon correlation spectroscopy of the single-molecule emission. 
The phosphorescence is passed through a beam splitter and the coincidence rate between 
two photodiodes is measured. The correlation shows a photon antibunching dip at short 
times, implying that only one photon passes through the beam splitter at a given time. 
The red line is a single exponential fit to the correlation which is determined by the 
apparent triplet lifetime. e) Single-molecule PL intensity as a function of excitation 
power averaged for approximately 300 molecules for each excitation intensity. The red 
line shows the fit with a saturation function as described in the Supporting Information.  
 
Single Ir(piq)3 molecules (structure inset in Fig. 1c) can be imaged, at room temperature 
under a nitrogen atmosphere, by serial dilution down to picomolar concentration and 
dispersion in a poly(methyl-methacrylate) (PMMA) matrix (see Supporting Information 
for details on sample preparation). Given the success of single-molecule techniques in 
applications to a wide range of problems from the life- to the materials sciences, there 
have been surprisingly few attempts to study individual organometallic triplet 
emitters.
27,28,29,30,31,32
 The obvious limitation is that photon emission rates in 
phosphorescence are fundamentally limited by the triplet excited state lifetime, which is 
of the order of 1 µs, two to three orders of magnitude longer than for typical singlet 
fluorophores. Figure 1b) shows a scanning confocal single-molecule microscope image 
 7 
under excitation with a continuous-wave laser at 485 nm (see Supporting Information for 
details on methods). Discrete spots of approximately uniform brightness are seen which 
show the characteristic Ir(piq)3 photoluminescence (PL) spectrum in panel c). It is 
straightforward to demonstrate that each spot corresponds to a single phosphorescent 
molecule by considering the temporal correlation in photons emitted. The photons from a 
single diffraction-limited spot are passed through a 50/50 beam splitter and recorded with 
two different photodetectors in a Hanbury-Brown and Twiss arrangement (sketch inset in 
panel d). Since a single photon cannot be recorded by both detectors simultaneously, for 
times shorter than the excited state lifetime a reduction in the correlation coefficient is 
observed in panel d). This photon antibunching is generally only considered for short-
lived (singlet) excited states in atoms
33,34
 and molecules,
35,36
 but actually works 
surprisingly well for triplet emitters
31
 since the arrival times of the detected photons 
provide an implicit mechanism to discriminate from short-lived background fluorescence 
or impurities. The second-order correlation function g
2
 as a function of delay time Dt in 
panel d) is described by a simple exponential function (red line, see Supporting 
Information), with an apparent lifetime determined by the triplet excitation and decay 
rates. Since the single-molecule PL intensity depends on both the excitation and the 
emission rate, the brightness saturates as the excitation rate approaches the emission rate. 
This saturation effect, which only becomes discernible on the single-molecule level, is 
shown in Fig. 1e) as a function of excitation power for an average of ~300 single 
molecules for each measured excitation intensity, and is accurately described by a 
saturation curve (solid line, see Supporting Information for details).   
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The orientations of the three degenerate main triplet TDMs of Ir(piq)3 involve charge 
transfer from one of the ligands to the metal center. These TDMs have been computed 
previously
6,13
 and are sketched in Fig. 1c). A single-molecule experiment allows 
determination both of the absolute orientation of the TDM with respect to the observer’s 
reference frame, but can also unveil possible fluctuations in orientation. 3D mapping of 
TDM orientation requires high photon count rates,
24,37
 which are not compatible with 
triplet emitters. The average anisotropy of the TDM of many single molecules along with 
relative changes in orientation over time within one single molecule can, however, easily 
be analyzed by passing the PL through a polarizing beam splitter and recording two 
mutually perpendicular polarization components on separate detectors, as sketched in Fig. 
2a). Such an experiment provides a metric for polarization anisotropy: linear dichroism, 
defined as the difference-sum-ratio between the two polarization components as stated in 
the figure. The absolute value of this linear dichroism is only meaningful in a statistical 
analysis of randomly oriented single molecules, which all individually exhibit photon 
antibunching. Fig. 2b) shows a histogram of linear dichroism values for 460 single 
molecules. In contrast to molecules with a single TDM (i.e. fully anisotropic),
38
 no linear 
dichroism values of ±1 are seen, implying that the luminescence is never perfectly 
linearly polarized. This observation is rather unusual for such a small single molecule. To 
analyze the distribution of linear dichroism values, we calculated the expected linear 
dichroism histogram for an ensemble of randomly oriented single dipoles in either three-
dimensional space or in a the two-dimensional sample plane, taking into account the 
collection angle (numerical aperture) of the microscope (see Supporting Information for 
details).
38
 The results are shown as orange and blue dots in Fig. 2b), respectively, which 
9 
display substantial weighting to higher absolute linear dichroism values, in marked 
contrast to the measurement. We conclude that Ir(piq)3 does not behave as a single dipole 
emitter on the timescales of this experiment (on average 100 seconds integration time per 
molecule).  
 
Figure 2. Spontaneous fluctuations in single-molecule transition dipole moment 
(TDM) orientation. a) The light is passed through a polarizing beam splitter and 
detected by two photodiodes. The linear dichroism is defined as the difference-sum-ratio 
of the two polarization planes. b) Histogram of linear dichroism values for 460 single 
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molecules. The dots show expected distributions for transition dipoles oriented randomly 
in three-dimensional space (orange) or in two dimensions (blue), taking into account the 
collection aperture of the microscope. c), d) Two representative single-molecule PL 
intensity traces and corresponding linear dichroism values (e, f). The noise on the PL is 
defined by the standard deviation in the intensity as sPL as indicated by the dotted lines. 
This value is used to compute the expected noise in the linear dichroism measurement 
(indicated by the red bars). The measured noise in the linear dichroism is defined as sLD. 
g), h) Histograms of linear dichroism values for the two single molecules, showing two 
preferential orientations of TDM. These two orientations correspond to the same excited 
state lifetime, shown in the photon cross correlation g
2
(Dt) of the emission for photons 
selected by linear dichroism value (marked black and yellow).  
 
In addition to this statistical analysis, we consider the possibility of dynamics in the 
emission polarization for two single molecules. Panels c) and d) plot the total PL 
intensity, the sum of both polarization channels, given in photon count rate. The single-
molecule brightness shows a certain level of fluctuations which is due both to the detector 
shot noise and intrinsic dynamics of the molecule. This overall noise in the PL signal is 
quantified by the standard deviation from the mean and marked in the figure as sPL. The 
corresponding linear dichroism, binned in 100 ms intervals, is shown in panels e) and f) 
for the two molecules. Both cases display clear discrete jumps in polarization, which 
imply a switching of TDM orientation. In addition, panel f) also shows fluctuations at 
higher frequency. The polarization fluctuations can be quantified by defining the standard 
deviation of the linear dichroism trace sLD from the measurement. For comparison, we 
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mark the noise in linear dichroism calculated from the number of detected photons in 
each detection channel, taking into account error propagation, as red bars in panels e), f). 
The measured noise is much greater than the calculated noise, implying that it does not 
originate primarily from the shot noise in the PL. The linear dichroism fluctuations can 
be analyzed by plotting the values in histograms in panels g), h). In both cases two 
distinct peaks are found, which are accurately described by Gaussians: on average, two 
orientations of the TDM can be resolved. However, since there is more high-frequency 
noise in the right-hand example, the two Gaussians are broadened and overlap more 
strongly in this case. We conclude that fluctuations in TDM orientation appear not only 
as discrete jumps but also as an overall increase in scatter of linear dichroism values, 
described by the standard deviation sLD.  
 
It is important to confirm that the two measured TDM orientations of one and the same 
single molecule (Fig. 1g,h) correspond to the same excited state species. We therefore 
compare the photon correlation (as described in Fig. 1d), but perform a selection in terms 
of the value of linear dichroism. The two subsets marked yellow and black in the figure 
exhibit exactly the same photon correlation function, implying that the distinct values in 
linear dichroism arise from a molecular excited state with identical lifetime, even though 
the lifetime scatters between different single molecules. This agreement is expected from 
the rotational symmetry of the molecule: switching TDM orientation will not affect TDM 
magnitude.   
12 
 
Figure 3. Non-deterministic TDM orientation in 460 single Ir(piq)3 molecules 
revealed by the comparison of measured to computed noise in linear dichroism sLD. 
The calculated sLD values are computed based on the observed noise in the PL intensity, 
sPL. Inset: the measured sLD values mostly lie significantly above the calculated values. 
The green line shows the limit where measured sLD equals calculated sLD. 
The detected jump in TDM depends sensitively on the absolute orientation of the 
molecule with respect to the plane of the polarizing beam splitter. In many cases, discrete 
polarization jumps will be masked by the noise on the linear dichroism measurement, so 
that discrete peaks in the histogram of linear dichroism values of a single molecule are 
obscured. Nevertheless, the noise sLD provides a direct metric for TDM fluctuations since 
it can be compared to the expected noise calculated from the PL intensities on each 
polarization channel: the two observables are obtained from the same measurement. 
Figure 3 compares the calculated to the measured values of sLD for 460 single molecules. 
Based on the PL noise, the maximal fluctuation in linear dichroism expected is 0.075, 
whereas values of up to 0.25 are found experimentally. In virtually all cases the measured 
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sLD is significantly larger than the calculated value based on the PL noise, as shown in 
the inset of Figure 3 where the measured sLD is plotted against the calculated sLD. The 
green line shows the limit where both values are the same.  
 
The TDM orientation of a common OLED triplet emitter fluctuates in time. This unusual 
effect is not found in conventional chromophores with well-defined TDM orientations 
such as typical fluorescent dye molecules used in biophysical applications. The 
fluctuations arise from the molecular symmetry which determines the degeneracy in 
transitions to the ground state. We note that limited emphasis should be attached to the 
absolute measurements of linear dichroism (e.g. in Fig. 2b) since these values may be 
reduced in magnitude if rapid fluctuations occur between the two TDM orientations. 
These fluctuations clearly explain the marked deviation between measured and computed 
TDM orientation distribution in Fig. 2b). It was recently shown that a single ring-shaped 
(singlet-emitting) fluorophore displays almost completely unpolarized PL due to non-
deterministic switching between TDM orientations following every excitation event.
39
 
Such a system allowed for the differentiation between spontaneous and photoinduced 
symmetry breaking.
39
 If such fluctuation also occurs for emitters embedded within the 
OLED host matrix, measurements of ensemble TDM anisotropy in the film based on 
assessing the deviation from a Lambertian emitter dispersion profile
18
 will actually 
underestimate the degree of molecular ordering. Our experiments show that the TDM 
orientation can fluctuate spontaneously and is likely to be very sensitive to the 
surrounding environment. Anisotropy in the ensemble could then occur due to pinning of 
 14 
the TDM orientation, which has been speculated to arise from self-organization of the 
host matrix due to interactions with the polar device substrate.
13
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Sample preparation and experimental setup: Tris(2-phenylisoquinoline)iridium(III) (Ir(piq)3) and 
poly(methylmethacrylate) (PMMA, Mn=46 kDa, PDI=2.1) were purchased from Sigma Aldrich Co. 
Isolated Ir(piq)3 molecules were embedded in a ~50 nm thick PMMA matrix by dynamically spin-coating 
at 2,000 r.p.m. from toluene after substrate cleaning and molecule dilution steps as has been described 
previously [1,2]. 
Single molecule measurements were conducted using a customized confocal scanning fluorescence 
microscope based on an Olympus IX71. The excitation light was generated using a c.w. fiber-coupled 
diode laser (PicoQuant, LDH-D-C-485) at 485 nm and passed through a clean-up filter (AHF 
Analysentechnik, z485/10), expanded and collimated via a lens system to a beam diameter of about 1 cm 
and coupled into an oil-immersion objective (Olympus, UPLSAPO 60XO, NA=1.35) through the back 
port of the microscope, and passed through a dichroic mirror (AHF Analysentechnik, z488RDC) for 
confocal excitation. The phosphorescence signal passed a bandpass filter (AHF Analysentechnik, 650/200 
BrightLine HC), was split by a 50/50 or a polarizing beam splitter and detected by two avalanche 
photodiodes (APDs, PicoQuant, τ-SPAD-20). Time-tagged photon arrival was recorded by a TCSPC 
system (PicoQuant, HydraHarp 400) and further analyzed with a LabView routine. 
Second-order cross-correlation analysis: Using the equation
( )
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g
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212 tt
+
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with ( )  and ( )  corresponding to the measured intensities on the detection channel (photodiode) 1 
and 2, respectively, the cross-correlation curves were computed. These curves were fitted by using a 
single-exponential function 
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 with the autocorrelation time 
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t
an offset y0, an amplitude A, kExc as the excitation rate and kT as the triplet decay rate [3]. Note that at low 
excitation intensities (small excitation rates), the autocorrelation time τac becomes the phosphorescence 
lifetime τPL=(kT)
-1. 
 
Emission intensity saturation: The graph in Fig. 1e) is fitted by a saturation function according to ref. [4] 
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/
+
= ¥ , 
with I∞ the fully saturated photoluminescence emission rate and PS the saturation excitation intensity. 
 
Simulations of the linear dichroism histograms for a perfect linear dipole: Linear dichroism histograms 
are calculated from a simulated ensemble of 105 individual single-dipole emitters, of which the dipole axes 
are randomly and uniformly oriented in 3-dimensional space. The linear dichroism in emission is 
calculated for each dipole by mapping polarization states of light rays in the objective’s backplane to the 
sample plane, effectively taking into account the polarization-scrambling influence of the objective’s high 
numerical aperture of 1.35. To correctly account for the experimental signal and noise levels in 
photodetection, the individual emitter’s brightness and the orientation-independent background signal are 
taken from Poissonian distributions with mean values of 3.4´105 and 4´104, respectively. To derive the 
linear dichroism histogram for dipoles that are oriented flat on the surface, a post-selection for out-of-
plane angles below 20° is applied to the ensemble of 3D randomly oriented dipoles before calculation of 
the linear dichroism values. 
 
References: 
1 Stangl, T. et al. Temporal Switching of Homo-FRET Pathways in Single-Chromophore Dimer 
Models of pi-Conjugated Polymers. J. Am. Chem. Soc. 135, 78-81 (2013). 
2 Aggarwal, A. V. et al. Fluctuating exciton localization in giant pi-conjugated spoked-wheel 
macrocycles. Nature Chem. 5, 964-970 (2013). 
3 Kitson, S. C., Jonsson, P., Rarity, J. G., Tapster, P.R. Intensity fluctuation spectroscopy of small 
numbers of dye molecules in a microcavity. Phys. Rev. A 58, 620-627 (1998). 
4 Ambrose, W. P., Basché, T., Moerner, W. E. Detection and spectroscopy of single pentacene 
molecules in a para-terphenyl crystal by means of fluroescence excitation. J. Chem. Phys. 95, 
7150-7163 (1991). 
 
